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ABSTRACT
No standard definition for lean production exists today, especially specific to the wood products
industries. From a management point of view, even the more straightforward management issues sur-
rounding the concept of “lean” are complex. This exploratory research seeks to develop a methodology
for quantitative and objective assessment of the leanness of any wood products operation. Factor analysis
is a statistical approach that describes the patterns of relationships among quantifiable predictor variables,
with the goal of identifying variables that cannot be directly measured, such as the leanness of a company.
Using this technique, a factor model was identified and a factor score, or “Lean Index,” was developed.
For the nine wood products companies included in this study, the average Lean Index is demonstrated to
be 5.07, ranging from a low of 2.33 to a high of 12.00. Based on the quantified standards of lean
production developed in this study, (1) primary wood products operations are inherently leaner than
secondary wood products operations; (2) process throughput variables explain approximately twice the
total variance of all consumed resources, compared to process support variables; and (3) energy con-
sumption is shown to be the single most significant contributor to the leanness of any wood products
company.
Keywords: Business metrics, factor analysis, lean production.
INTRODUCTION
“Lean manufacturing” or “lean production”
has become the de facto standard for companies
trying to upgrade their competitive capabilities
in today’s global market. The term “lean pro-
duction” first appeared in The Machine That
Changed The World (Womack et al. 1990), in
which the authors coined the term to describe the
strategic business system and operational differ-
ences between Japanese auto producers and
North American auto producers of the 1980s. As† Member of SWST.
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various authors and consultants studied the in-
dividual components of the Japanese “lean” sys-
tems, they identified several distinct and unique
areas of focus for implementing lean manufac-
turing: for example, just-in-time production, set-
up reduction, total productive maintenance, and
the “5S” (Sort, Straighten, Shine, Standardize,
and Sustain) system.
Lean manufacturing is a corporate activity of
continuous improvement and requires effective
strategies to successfully implement. Experience
from lean implementation efforts shows that
these specific business strategies are signifi-
cantly impacted by the stage of manufacturing
(Nightingale and Mize 2002). A good strategy
needs to be defined and redefined dynamically
according to the current circumstances of manu-
facturing during lean implementation (Kesser
1999; Nightingale and Mize 2002; Wilson and
Pearson 1995). An effective assessment tool,
therefore, plays a vital role in evaluating each
stage of manufacturing and further in determin-
ing the strategy and priorities of lean implemen-
tation (Wilson and Pearson 1995).
A principal tenet of lean manufacturing is to
eliminate waste in all its forms, of which one of
the primary is inventory. Through pull-type lean
production techniques, called kanban systems,
firms learn to produce only those components
needed for the current production or order file.
In manufacturing products that utilize homoge-
neous raw material (such as steel for automo-
biles) kanban works well; parts are machined
from the raw steel stock as required, waste stock
gets recycled back into the process, and the re-
maining stock awaits the next call from the sys-
tem.
Many wood products companies have adopted
or are considering adopting full or partial lean
components. The most successful wood prod-
ucts company in utilizing lean production tech-
niques may be the Merillat Industries Door and
Panel Plant in Atkins, Virginia. The company,
which won the Shingo Prize (for lean manufac-
turing performance) in 2003, achieved 99.7% on
time delivery, reduced cycle time from over 5
days to 17 hours, reduced WIP by over 80% and
reduced total cost by 7.1% from implementation
of lean strategies (Shingo Prize 2003).
In recent years, the general concept of lean
operation modeled after the Toyota Production
System (see Ohno 1988) has been instructed and
accepted in many wood products companies.
However, Kenney and Florida (1993) pointed
out that not every company may realize the same
dramatic benefits from lean production as
Toyota. Specifically, for hardwood products
manufacturers, raw material (lumber) cost ac-
counts for more than 50% of total production
cost. Customer-driven inventory practices, that
is, restriction of lumber or component produc-
tion to current order requirements, could result
in the disposal of clear wood not required by the
customers, which increases the material cost sig-
nificantly through yield loss. This unique feature
of wood products processing can lead to con-
flicts among wood recovery, inventory, and cost
when wood products companies attempt to adopt
lean techniques. Therefore, questions about lean
manufacturing in wood products arise:
1. How is the leanness of a wood products com-
pany properly measured?
2. How does a lean wood products company
perform compared to a non-lean producer of
wood products?
3. Where are the points of differentiation be-
tween lean and non-lean systems?
4. Which lean elements should be adopted first
to have the greatest positive impact?
5. What are the tangible benefits to wood prod-
ucts producers for successful transition to
lean manufacturing?
6. Are certain segments of the wood industry
leaner than others, and is this a contributing
factor to their relative resistance to overseas
competition?
To answer these questions, a data-driven ana-
lytical methodology is more likely to be effec-
tive in gauging an effective transformation than
subjective assessment schemes or anecdotal evi-
dence so often cited in the literature. Our review
of the lean literature led the research team to
believe that no research has been conducted to
quantitatively describe the relationships among
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wood recovery, production, consumption, and
inventory in terms of lean production for the
wood products industry. The objective of this
research was therefore to apply a statistical tool,
factor analysis, to quantitatively develop a lean
production metric, which we call a Lean Index,
for the wood products industry. In this explor-
atory research effort, we set out to address the
first question above, to establish an operational
metric by which wood products companies can
assess their level of leanness relative to similar
wood products operations and other operations
within their company.
STATEMENT OF PROBLEM
Although lean production was originally de-
signed for the auto industry, it has been applied
widely to other industrial areas such as aero-
space (Murman et al. 2002), construction (Gar-
nett et al. 1998), wood products (Shingo Prize
News 2003), and many others. Lean can be an
efficient means to improve manufacturing qual-
ity, minimize inventory and waste, and ensure
continuous improvement (Womack and Jones
1996). Typically, lean production efforts include
the following characteristics, or components
(Askin and Goldberg 2002; Allen et al. 2001):
● 5S: sort, straight, scrub, standardize, self dis-
cipline;
● Pull System/Kanban: produce only the cus-
tomer order through production control;
● Cellular/Flow Manufacturing: make the prod-
uct batches as small as possible;
● Set up reduction (SMED): quick die change
and machine set up;
● Total Productive Maintenance (TPM): in-
clude total effectiveness, total preventive
maintenance, and total participation;
● Value Stream Mapping: a process for follow-
ing a product’s production path from begin-
ning to end;
● Visual manufacturing: enable operators and
managers to quickly distinguish normal and
abnormal in the process;
● Team work: a competitive team that harmo-
nizes among people.
Typical of the benefits attributed to lean produc-
tion are those cited by Kotelnikov (2001):
● Reduction of waste by 80% (waste includes
intellect, motion, overproduction, transporta-
tion, inventory, waiting, and defects);
● Reduction of inventory by 80%;
● Decrease in manufacturing cycle times by
50%;
● Reduction in labor by 50%;
● Increased capacity in facilities by 50%;
● Improved product quality by 50%;
● Higher profits;
● Higher system flexibility;
● Better cash flow;
● Just-in-time delivery.
However, it has been demonstrated that dif-
ferential realization of benefits occurs when lean
production techniques are implemented in indus-
tries other than the auto industry (Womack and
Jones 1996) because every industry has its own
economic situation and system of operations. In
order to facilitate consistent evaluation of lean
production efforts, many lean assessment tools
have been developed and introduced by various
research or consulting groups. The ultimate ob-
jective of these lean assessment tools has been to
investigate, evaluate, and measure the current
manufacturing situation against the “standard”
lean characteristics, as well as assess lean imple-
mentation and continuous improvement during
the lean implementation. One typical assessment
tool measures leanness in nine different areas
including inventory, the team approach, process,
maintenance, plant layout and material handling,
suppliers, set-up, quality, and production control
and scheduling (Strategos 2003). A score is
based on the answers to multiple questions in
each area in an effort to describe leanness.
To answer many of the questions in typical
lean assessment tools, it is necessary to collect
information about a manufacturer. However,
the data collection process may be difficult for
the typical company to perform with assurance
of data validity and non-bias. One assessment
tool, the Lean Enterprise Self-Assessment Tool
(LESAT) developed by LAI (Nightingale and
Mize 2002), utilizes maturity matrices that mea-
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sure 54 lean practices consisting of lean trans-
formation/leadership, life cycle processes, and
enabling infrastructure processes. Five maturity
levels were defined from least capable (1) to
world class (5) for each item. Other examples of
lean assessment tools are the Supply Chain As-
sessment and Lean Evaluation System (SCALES)
developed by K3 Business Technology Group
(2002), and the Lean Assessment Screen Tool
by Kumar and Thomas (2003). Finally, even the
most widely accepted benchmark of lean com-
petence, the Shingo Prize (2003) lists fifteen dif-
ferent measures in five different categories as
the basis for lean measurement.
The existing lean assessment tools are based
on questionnaires that explore different areas of
a company’s manufacturing practices. However,
most surveys are subjective and require detailed
knowledge of aspects of facility operation that
may be hidden to the company’s management.
Therefore, depending on management’s internal
view of corporate actions and resulting impact,
biased survey assessments may result, especially
for a large facility. A data-driven analytical
methodology may be more effective in stating
the effectiveness of a lean transformation than
these subjective assessment schemes (Wilson
and Pearson 1995). However, no apparent re-
search has been done to develop an objective,
unbiased, quantitative approach to evaluate lean
accomplishment, or to assist in determining the
priority of lean implementation efforts. In par-
ticular, no specific standard definition for lean
production, relative to wood products industries,
exists (Ray 2003).
PRELIMINARY INVESTIGATION OF PROBLEM
In September 2003, our research team con-
ducted an organizational meeting (see Michael
et al. 2003) with twenty-eight industry partici-
pants to structure a lean production research
project that would define possible metrics for
lean production in the wood producing indus-
tries. In a brainstorming session, the industry
partners produced a list of 54 management chal-
lenges and 81 possible determinants (metrics) of
whether or not a company is lean. This high
number of issues and metrics indicated what we
suspected– that management in the wood prod-
ucts industry really did not have a clear under-
standing of how to identify “leanness,” even
though several of them claimed to have lean
operations. Table 1 summarizes the responses
obtained at the meeting; duplicate and similar
responses were synthesized post-meeting to in-
crease clarity of thought.
Participant responses were elicited in random
fashion from a live, group interview, in an at-
tempt to promote brainstorming and free-
thinking; the ordering and pairing of challenges
with associated metrics was done by the research
team post-meeting. Many issues were named for
which no corresponding metric was mentioned.
For the purposes of this discussion, these par-
ticular issues, which are conceptually more com-
plex, are omitted from Table 1. The table illus-
trates that from a management point of view,
even the more straightforward management is-
sues surrounding the concept of “lean” are com-
plex; that metrics are sometimes confused with
issues, and vice versa; and that given the number
of different metrics cited, there is not a clear
standard or prioritization of the various metrics
associated with the production of wood prod-
ucts.
Therefore, it is posited that the concept and
proof of lean do not at this time have unique
standards of measurement specific to an industry
under study, at least at the macro-process level
(see Juran 1989). Nor is there any way to effec-
tively measure the current state of “leanness” of
any particular operation. Further, our in-plant
work with many different manufacturers sug-
gested that when it comes to lean, visual impres-
sions may not accurately reflect true levels of
resource utilization. Therefore, we sought to de-
velop a way to quantitatively and objectively
assess the true leanness of any wood products
company. In the development of this model, we
sought to develop a metric that would act as a
single, simple, yet comprehensive measure that
could adequately represent the dynamic com-
plexities inherent in the widely differing wood
products industry sectors. Hayes et al. (1988)
provided a precedent for this approach. They
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were able to combine multiple measures of pro-
ductivity, which they labeled Total Factor Pro-
ductivity (TFP). They defined TFP as a function
of output of a product to the sum of the resource
inputs necessary to produce that product. To ap-
ply TFP across a product line with different re-
source inputs, and to relate TFP to performance
of the firm, the authors used dollar quantities to
standardize and represent the resource flows.
Because dollar quantities present problems of
scale between operations of different types, and
in different regions of the world, Total Factor
Productivity seems to be a close, but not exactly
perfect, measure of leanness for an industry in
TABLE 1. Summary of lean research planning participant responses to management challenges and metrics of a lean
production effort.
Management challenge Metrics
Production Cost/Product Costing Production/manhour
Product cost/unit
Overall Labor Cost
Warranty costs
Production Time Set-up time
Throughput time
Inventory Control Inventory turns
Raw material inventory investment
Inventory levels (Raw material, WIP, Finished)
Yield Maximization vs. Value Maximization Yield
Raw material cost
Profit
Scrap rates
Overrun
Production Scheduling Throughput
Number of required sorts per schedule
Production/demand ratio per product
Run lengths
Employee Commitment & Involvement Employee efficiency
Safety performance
Testing results
Employee morale
Management Commitment/Training/Project Preparation Cross-training %
Procurement of/ Return on Capital Plant utilization
Return on investment
Competitive Benchmarks Market share vs. competition
Process Re-engineering Time/Cost Time to implement
Pull Manufacturing Order size
Order variability
Managing Raw Material Lead Time Lead time
Cash flow
Space Utilization Sales $/sq.ft.
Overhead/Accounting/Documentation Costs Overhead percentage of sales
Service costs
Logistics/transportation costs
Customer Satisfaction On-time delivery
On-spec delivery
Sales volume
Product quality
Lead Time
Price reduction history
Profit margin
Supplier Relationships Procurement cost
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which similar financial results can occur from
widely different utilization of similar resources.
For this reason, the research team sought to
eliminate dollar quantities wherever possible
and instead use physical quantity measures. If
properly standardized, these quantity measures
would provide non-biased equivalent compari-
sons. The methodology used in development of
this new measure is detailed in the following
section.
MODEL DEVELOPMENT
The research team sought to develop a meth-
odology and resulting metric to objectively and
quantitatively assess the “leanness” of any wood
products operation. The general hypothesis
formed was that for any common set of input
variables and outcomes, an indicator metric
could be modeled and calculated that would rep-
resent the current state of leanness for any wood
products operation. The resulting metric would
then constitute a standard by which all wood
products companies could assess their current
state of leanness, analyze the relative leanness of
various areas of their operation, and prioritize
improvement efforts.
Twelve wood products operations were vis-
ited and at each a schematic process input-output
model was developed. From these models, com-
mon input and output variables were established.
Preliminary screening of data was performed us-
ing principal component analysis, and insignifi-
cant variables (those whose variance was too
small to help distinguish between members of
the population) were eliminated from further
modeling efforts. Table 2 shows those input,
output, and inventory variables and their associ-
ated units of measure that were determined,
through statistical significance of variables com-
mon to all twelve operations studied, to be es-
sential components of a “macro-level” view of
the leanness of an operation.
Most statistical modeling techniques (e.g., re-
gression, ANOVA, etc.) are used to study the
relationship between independent and dependent
variables. However, in this research, the lean
index (dependent variable) could not be quanti-
tatively measured or collected directly from the
companies, because it did not exist. Rather, a
technique was needed to derive the dependent
metric directly from the independent variables
(i.e., the macro-level inputs and outputs of each
operation). In the process, the independent vari-
ables had to be screened and properly standard-
ized to reflect their proper relative contribution
to the resulting index. Zhang and Ray (1995)
provided an excellent discussion on different
multi-variable ranking techniques, and devel-
oped a methodology for using these ranked cri-
teria to develop a product evaluation index for
different particleboards in North America. Their
“modified principal component technique” uti-
lized theory from principal component analysis
and factor analysis, and resulted in one compos-
ite index score for each particleboard, based on
a data set containing data on twenty-five differ-
ent product attributes.
Since the objective of this research was to
describe leanness using the many and complex
variables directly measured from manufacturers
in a single, simple, scaled index metric, the ob-
jective became to develop a single quantitative
descriptive factor from the entire set of response
variables. Factor analysis is a statistical ap-
proach that describes the patterns of relation-
ships among quantifiable variables, with the
goal of identifying variables that cannot be di-
rectly measured (Pett et al. 2003). Afifi and
Clark (1990) state “that the main purpose of fac-
tor analysis is to derive from the data easily
interpretable common factors.” In the forest
products literature, this technique has most com-
monly applied in the social sciences; for ex-
ample, Bush and Sinclair (1991) used factor
analysis to define different dimensions of com-
petitive strategy in the hardwood industry. This
research team recognized a similar problem with
respect to measuring leanness; there is a lot of
data to interpret, but no “easily interpretable”
bottom-line metric to be measured as the depen-
dent variable. Factor analysis was thus selected
as the modeling technique of choice.
Factor analysis reduces the number of origi-
nal, or response, variables to a smaller number
of subsets, called “principal components.” By
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identifying the principal components, the inter-
relationships between response variables (in-
puts, outputs, inventories) and principal compo-
nents of the unknown variable (in this case, lean-
ness) can be determined and analyzed. These
interrelationships, commonly called loadings,
are quantified as the correlation coefficients of
each response variable to each principal compo-
nent. To more efficiently model the system un-
der study, a rule of thumb allows the modeler to
exclude from further analysis all response vari-
ables that do not exhibit a loading of at least 0.40
with at least one of the principal components
(e.g., see Pett et al. 2003). Also, based on the
variance (eigenvalue) of each principal compo-
nent, “factors” are extracted. Each factor with an
eigenvalue over 1.0 is retained and utilized in a
basic factor model where the response variables
Xp×1 are assumed to be linearly dependent on
factors Fm×1, as shown in Eq. (1).
XP×1 = P×1 + LP×mFm×1 + P×1 (1)
where
X is response (original) variable vector
 is mean of X
L is loading matrix
F is the extracted factor matrix
 is random error (specific factors)
P is number of observed variables
m is number of factors (usually m < p)
This process combines the intercorrelations
among the remaining response variables and the
factor loadings, resulting in factor score coeffi-
cients. Finally, these coefficients are linearly
summarized into a “factor score,” utilizing the
coefficient of each response variable that corre-
sponds to the factor to which that variable is
most highly correlated, as demonstrated by its
higher loading factor.
In the context of defining a metric for the
assessment of leanness, this derived factor score,
the metric hidden at the root of this research
effort, came to be termed a “Lean Index“ (LI).
At this point, the research hypothesis was re-
fined to state that the lean indices, generated for
each company, could be used to measure their
overall leanness, relative to the rest of the wood
products industry. Further, the lean indices as
generated for each distinct operation within the
company could be utilized to define lean im-
provement priorities.
DATA COLLECTION
Of the twelve wood products manufacturers
visited, quantitative data sets were collected
from nine. These nine companies included fif-
teen different operations as defined in the course
of the study: three saw mills, four drying opera-
tions, four rough mills, two furniture assembly
operations, one cabinet producer, and one pallet
producer. Seven of the nine companies provided
historic data (either a monthly average or end-
of-month level) for each variable retained in the
study, for a one-year period. One of the two
remaining companies provided data for only
nine months, and the final company could pro-
vide only one month’s data; for this company,
eleven additional data records were generated
using Monte Carlo simulation, producing ran-
domly generated numbers from a uniform dis-
tribution around the mean of each variable. In
total, 102 observations were collected and used
to build the factor analysis model.
Figure 1 illustrates the macro-level represen-
tation that was used to create data collection
templates for each company participating in the
study. The data collection templates were cus-
tomized for each company through process
flow-charting efforts. Company personnel filled
in the resulting data collection templates. For
most companies, this was a straightforward pro-
cess, since the physical measures called for in
the study usually already resided somewhere in
their operational databases. The research team
provided additional clarifications and unit con-
version assistance in each case, and verified the
data through follow-up interviews and validation
of apparent outlier data points.
Data standardization
Prior to the process of model formulation, the
collected data had to be standardized to elimi-
nate bias due to the scale and operational differ-
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ences of the companies in the study. Data stan-
dardization is a process of changing all data to
an equal range to ensure consistency and com-
parability and to minimize variations in the
analysis caused by differences in scale (Milligan
and Cooper 1988). Typically, standardized vari-
ables are simply the variable divided by its
sample standard deviation. However, since we
were trying to achieve meaningful results from
disparate data sets, a bit more complexity was
required. Data standardization in this project
was a three-step process:
1. Convert individual variables to a common
unit of measure.
2. Transform all model variables into a function
of a common variable that will minimize po-
tential bias introduced by the difference in
the sizes of the participant companies.
3. Normalize the transformed variable data for
purposes of comparison.
Data standardization, Step 1.—Common vari-
ables measured with multiple unique units of
measure were converted to a common, uniform
unit. For example, energy usage is measured in
kilowatts (electricity), BTU’s (wood fuel), and
CCF (natural or propane gas). In this example,
our modeling efforts converted and analyzed all
energy units in kilowatts. Similarly, board foot-
age is used to measure raw material consump-
tion (e.g., logs or lumber), final products gen-
eration (e.g., lumber, dimension parts, furniture
or cabinets), and inventories. Tonnage was used
for the amount of by-product such as sawdust,
mulch, or chips. The analysis units for Lean In-
dex modeling as used in this project are shown
in Table 2.
Data standardization, Step 2.—The opera-
tions of the nine manufacturers in this study var-
ied in plant size, quantity of annual raw material
consumption, and product generation. One vari-
FIG. 1. Simplified graphical representation of a macro-level model of a typical hardwood products manufacturer.
TABLE 2. Variables, and their selected unit of standardization, collected for each distinct operation within each partici-
pating company.
Items
Input Output Inventory
Energy Wood Non-wood Production By-products Inventory Supplies
Unit Kw/hr bf/hr. $/hr. bf/hr. ton/hr. bf/hr. $/hr.
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able unit of measure all these operations had in
common, regardless of their size or business,
was “labor hours” (i.e., the number of man-
hours required to make product). Thus, to make
equivalent comparisons and to avoid statistical
bias in the model, all values of each variable
were standardized with respect to man-hours (la-
bor hours). Equations (2) to (8) show the formu-
las used to make the conversions.
Wood =
total raw material
total labor hours
(2)
Production =
total shipped products
total labor hours
(3)
Energy =
total energy consumption
total labor hours
(4)
Nonwood =
total cost of supplementary material
total labor hours
(5)
Inventory =
(raw material inventory +
WIP inventory + product inventory)
total labor hours
(6)
By-Product =
generated byproduct
total labor hours
(7)
Supplies =
supply inventory
total labor hours
(8)
In addition to the collected data listed in Table
2, three additional variables were identified dur-
ing the research planning meeting as essential to
characterizing the leanness of an operation: raw
material inventory turnover, inventory turnover,
and final product inventory turnover. Raw ma-
terial inventory turnover is defined as the ratio of
the raw material consumption to the raw mate-
rial inventory (Eq. 9). Inventory turnover is the
ratio of the quantity of sold products to the sum
of product inventory and work-in-process inven-
tory (Eq. 10). Final product inventory turnover is
the ratio of the quantity of sold products to the
final product inventory (Eq. 11).
Raw_turnover =
total raw material consumption
raw material inventory
(9)
Inventory_turnover =
total shipped products
WIP inventory +
product inventory
(10)
Product_turnover =
total shipped product
final product inventory
(11)
Data standardization, Step 3.—Once the
model variables had all been converted and
transformed, one data standardization step re-
mained. The newly formed variables were again
transformed, this time to standard scores, to nor-
malize the data. This is a proven way of normal-
izing, proposed by several authors (Dubes and
Jain 1980; Everitt 1980; Lorr 1983; Romesburg
1984; Sokal 1961; Spath 1980; and Williams et
al. 1964). This procedure allows data from dif-
ferent operational processes, with different or-
ders of magnitude, to be compared on an equiva-
lent basis. Equation (12) is the formula for nor-
malization.
Z1 = X − Xs (12)
where
Z1 is the fully standardized response variable
X is the original data value (from Step 2)
X is the sample mean
s is the sample standard deviation
MODEL DETERMINATION
The entire 9-company, 10-variable data set
was then processed using the SAS procedure
PROC FACTOR (SAS Institute 2002), and the
program’s output was examined to determine the
best model for the lean index.
RESULTS AND DISCUSSION
The resulting eigenvalues (Table 3) revealed
that a 2-factor model would adequately represent
the data, accounting for 82.18% of the total vari-
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ance of the data. Table 3 also indicated that a
3-factor model was a borderline improvement,
with the third factor exhibiting an eigenvalue of
1.05; subsequent modeling supported the deci-
sion to use the 2-factor model. However, the
2-factor model of Table 3 is over-specified; it
can be seen in Table 4 that two of the response
variables, Supplies and By-Products, can be ex-
cluded. Variable By-Products failed to pass the
0.40 rule of thumb for inclusion in either of the
two factors. While variable Supplies barely
passed this rule in Factor 2 (0.40196), the re-
search team felt that the Supplies data were not
reliable enough to include in the model consid-
ering the borderline level of significance.
With these two variables included in the
model, the grouping of response variables to
each factor according to their highest loading
does not produce factor groupings that can be
easily defined by the variables of which they
consist. Therefore, it was determined to exclude
Supplies and By-Products, and repeat the proce-
dure with the remaining 8 variables; the results
are shown in Tables 5 and 6.
The 8-variable model is more satisfactory for
a variety of reasons. First, the percentage of the
total variance explained by the 2-factor model
increased to 85.9%. No variable exhibits a load-
ing of lower than 0.7. Perhaps most importantly,
the resulting groupings of response variables
into factors according to their new loadings re-
vealed a more interesting possible definition of
the factors. That is, Factor 1 is now comprised of
Production, Wood, Inventory, and the three
Turnover variables. This suggested a grouping
of production or flow-related variables; we thus
labeled Factor 1 as “Production Throughput.”
Factor 2, comprised of Energy and Non-Wood,
might similarly be labeled “Production Sup-
port.” We can see from Table 6 that Production
Throughput accounts for roughly twice as much
(57.8%) of the total variance of “leanness” as
Production Support (28.1%).
Once the variables have been grouped into
factors through the loading analysis described
above, it is necessary to compute weights, or
“scores,” for each variable relative to the depen-
dent variable being defined if a comprehensive
index is to be developed. Of the many possible
ways to compute these weightings, SAS uses a
TABLE 3. SAS PROC FACTOR reduced correlation matrix eigenvalues of original, 9-company, 10-variable data set.
Factor Eigenvalue Difference Proportion Cumulative
1 4.41826962 2.19279933 0.5465 0.5465
2 2.22547029 1.17086387 0.2753 0.8218
3 1.05460642 0.67752956 0.1305 0.9523
4 0.37707686 0.23697173 0.0466 0.9989
5 0.14010513 0.13007933 0.0173 1.0163
6 0.01002580 0.01768717 0.0012 1.0175
7 −0.00766137 0.00353795 −0.0009 1.0166
8 −0.01119933 0.02185330 −0.0014 1.0152
9 −0.03305263 0.05659746 −0.0041 1.0111
10 −0.08965009 −0.0111 1.0000
Total 8.08399071
TABLE 4. Initial factor loadings summary of original,
9-company, 10-variable data set.
Variable
Factor1-production
throughput
Factor2-production
support
Production 0.94970 −0.09207
Inventory_turnover 0.82180 0.39561
Wood 0.81818 −0.23758
Product_turnover 0.77111 0.47089
Inventory 0.76153 −0.57528
By-products −0.29248 −0.01382
Raw_turnover −0.69611 0.45298
Energy 0.54773 0.80445
Non-wood −0.28087 0.66126
Supplies 0.21913 0.40196
Variance Explained
by Each 4.4182696 2.2254703
Factor
Percentage
(Total 82.2%) 54.7% 27.5%
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regression procedure to compute these factor
score coefficients, which are used in linear fash-
ion to combine the standardized xi’s into factor
scores. The resulting factor score model (Table
7), taking Production, Wood, Inventory, and the
three Turnover coefficients from the Factor 1
column (due to their higher loading in Factor 1,
Table 6), and Energy and Non-Wood coeffi-
cients from Factor 2 (higher loading in Factor 2,
Table 6), is given in Eq. (13).
Factor score  0.133 * Wood
+ 0.262 * Production
− 0.197 * Inventory
− 0.005 * Raw_turnover
+ 0.256 * Product_turnover
+ 0.130 * Inventory_turnover
− 0.363 * Energy
− 0.197 * Non-wood (13)
The signs and values of the variable coeffi-
cients in the factor score model are quite inter-
esting. Since the interpretation of the resultant
score is “the higher, the better (leaner),” then
increased production, product turnover, and in-
ventory turnover all contribute to an operation
being leaner, while increased inventory detracts
from leanness. These results agree with common
assumptions of lean production.
Raw material turnover, however, has only a
slight impact on the final determination of lean-
ness, although its loading of the principal com-
ponents indicates that it contributes significantly
to total variation. The interpretation of this result
is that raw material turnover varies substantially
across the industry, but with mixed results on the
leanness of various operations. This could be
quite significant in defining this aspect of lean
production benchmarks in the wood products in-
dustry in that certain types of wood operations
may find it beneficial to maintain large invento-
ries of raw materials, possibly even at in-process
TABLE 6. Final factor loadings summary of reduced,
9-company, 8-variable data set.
Variable
Factor 1-production
throughput
Factor 2-production
support
Production 0.95634 −0.02854
Inventory_turnover 0.80624 0.40964
Wood 0.83225 −0.15449
Product_turnover 0.75492 0.46277
Inventory 0.77913 −0.53480
Raw_turnover −0.70383 0.46656
Energy 0.52191 0.82810
Non-wood −0.30179 0.69880
Variance Explained
by Each
Factor 4.2930288 2.0843970
Percentage
(Total 85.9%) 57.8% 28.1%
TABLE 7. Linear regression results of factor scoring (LI)
model.
Standardized scoring coefficients
Variable
Factor 1-production
throughput
Factor 2-production
support
Production 0.26155 0.12048
Inventory_turnover 0.13003 0.10682
Wood 0.13330 0.05287
Product_turnover 0.25611 0.10685
Inventory −0.19774 0.57867
Raw_turnover −0.00547 −0.06384
Energy 0.44149 −0.3634
Non-wood 0.11055 −0.19721
TABLE 5. SAS PROC FACTOR reduced correlation matrix eigenvalues of reduced, 9-company, 8-variable data set.
Factor Eigenvalue Difference Proportion Cumulative
1 4.29302884 2.20863185 0.5780 0.5780
2 2.08439699 1.13558878 0.2807 0.8587
3 0.94880821 0.81473158 0.1278 0.9864
4 0.13407662 0.10173273 0.0181 1.0045
5 0.03234389 0.04323064 0.0044 1.0088
6 −.01088675 0.00665255 −0.0015 1.0074
7 −.01753930 0.01975366 −0.0024 1.0050
8 −.03729296 −0.0050 1.0000
Total 7.427
Factors 1 and 2 will be retained by the NFACTOR criterion.
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stages of production. For these operations this
should not necessarily be construed to be an “un-
lean” practice. The obvious example is a saw-
mill with a large log inventory or supply of con-
tracted timber. However, it might also hold true
for secondary operations that choose to retain
large inventories of dry lumber, or components,
so that they can respond rapidly to just-in-time
order demands.
As increased wood consumption correlates to
higher throughput per unit of time, we see the
expected positive contribution of wood usage to
the LI. However, usage of both energy and non-
wood materials (the Production Support vari-
ables) detract significantly from the leanness of
the operation. In fact, their combined coeffi-
cients have a negative impact on Lean Index
roughly four times as great as the positive im-
pact of wood consumption. This might suggest
possibilities such as:
● Companies with energy-intensive operations
might focus first on ways to reduce energy
consumption in any process re-design or im-
provement efforts, rather than focusing pri-
marily on process flow improvements;
● These same companies may benefit from out-
sourcing of energy intensive operations, no-
tably drying operations;
● Companies dealing with non-wood compo-
nent suppliers must ensure that these suppliers
are as lean as possible and can deliver re-
quired components in “lean” quantities and
schedules so as to not to waste the added
value potential of that product feature.
Lean performance assessment
Next, the individual monthly data sets from
each company were plugged into the resultant LI
model (13) to produce macro-level LI’s for each
company. In order to improve the LI metric by
giving it a “user-friendly” scale, another data
manipulation was conducted to make sure that
all factor scores became positive numbers,
roughly between 0 and 12. The higher the LI, the
more lean the company. Equation (14) shows the
formula for lean index calculation.
Lean Index  exp (1.5 + Factor score) (14)
This particular manipulation may need to be
revised as new data sets are added.
The results of the factor scoring analysis are
shown in Fig. 2. Each grouping of dots repre-
sents monthly Lean Index metrics for each of the
nine companies. The average Lean Index for
FIG. 2. Macro-level Lean Indices for nine wood products companies.
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these nine companies is 5.07. Interestingly, Fig.
2 demonstrates that six of the companies, all
secondary wood products operations, had lower
LI’s than the other three. These six secondary
operations exhibit an average LI of 4.60, with a
range from 2.33 to 5.27. The other three com-
panies, all primary wood processors (lumber op-
erations), exhibit an average LI of 6.06, with a
range of 5.55 to 12.00. This suggests that based
on the definitional standards of lean production
developed in this study, primary operations are
inherently leaner than secondary operations.
One lumber operation exhibited an unusually
wide range of LI’s for the year; this was a small
sawmill that literally was on the verge of run-
ning out of logs several times due to wet weather
during the year. At these times, the operation
truly looked lean; the log yard was empty, logs
were being loaded directly, just-in-time, onto the
log-deck from the incoming log trucks, and fin-
ished lumber was being bundled, loaded, and
shipped as fast as it could be graded. The man-
agement agreed that they were indeed running as
lean as they could be, at these times; but they
were not comfortable operating in this mode.
As demonstrated, the Lean Index model can
be used to compare leanness of one company to
another. Perhaps more importantly, the model
can also be used to describe leanness of each
distinct operation within a company, at any
given stage during lean implementation, and
therefore can be applied to help establish re-
source allocation priorities. Two case studies, of
a primary manufacturer and a secondary manu-
facturer, follow.
Case study 1: Sawmill.—Company A is a me-
dium-size sawmill producing veneer logs and
kiln-dried lumber. The company has been in
business for more than 200 years and owns a
large holding of timberland with a wide variety
in hardwood species. The operation was grouped
into five distinct operations: log yard, saw mill,
green lumber yard, kiln-drying operation, and
dried lumber warehouse. Figure 3 schematically
represents the flow of resources through each
operation within the company.
The monthly data for year 2002 provide an
overall lean index for Company A of 5.56. The
lean indices of the five operations range from
3.23 to 10.44 (as shown in Fig. 3). The kiln-
drying operation is the least lean operation with
a lean index of 3.23, and the lumber warehouse
is the leanest operation with a lean index of
10.44. In this case, the LI metrics suggest that
the priority of lean implementation, or improve-
ment, efforts should be: 1) kiln-drying operation,
2) log yard, 3) lumber yard, 4) sawmill, and 5)
lumber warehouse.
Case study 2. Furniture company.—Company
B is a furniture company producing customized
wooden library furniture. Product demand is
seasonal with a peak in the summer and a rela-
tively constant and substantially lower demand
the rest of the year. The data collected for this
company were for the nine month off-season
demand period. The operational components are
identified as lumber warehouse, dimension mill,
composite panel warehouse, panel mill, assem-
bly and finishing station, and packaging and
product warehouse (Fig. 4). The overall lean in-
dex of Company B is 3.80 and the lean indices
of each operation range from 2.91 to 7.46 (as
shown in Fig. 4). The assembly and finishing
center has the lowest lean index of 2.91, while
the composite panel warehouse is the leanest
operation with a lean index of 7.46. The lean
indices of the individual operations suggest the
priority for lean implementation should be: 1)
assembly and finishing, 2) packaging and ware-
house, 3) dimension and machining, 4) lumber
warehouse, 5) panel mill and machining, and 6)
composite panel warehouse.
These case studies also hint at another poten-
tial use of the LI model. Any company bench-
marked with the LI, and considering potential
changes to an operation, could estimate the im-
pact on the response variables caused by the
potential change. They could then plug these es-
timates into the LI model, and observe how that
particular process “improvement” changes the
overall and operation-by-operation assessment
of leanness. This would allow the company to
determine whether that proposed change would
have the desired and expected impact, from a
viewpoint of the “leanness” of the operation.
The research team experimented with this form
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FIG. 3. Resource flow and lean indices by operation for Company A, a sawmill.
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of “lean simulation,” and discovered that the
factor analysis methodology employed to derive
the lean indices allows the lean metrics to
change dynamically throughout the operation,
even though only one operation is changed. This
is due to the fact that the total variance, each
response variable’s contribution to that variance,
and accordingly, the eigenvalues of each factor,
are altered by any change, addition, or deletion
of the original data.
FIG. 4. Resource flow and lean indices by operation for Company B, a furniture company.
WOOD AND FIBER SCIENCE, APRIL 2006, V. 38(2)252
Limitations
As exploratory research and observation, this
study has application limitations. As a work to
help define “lean production” and assess its
implementation in the wood products industry,
the data set (nine companies) is not robust
enough to make generalizations for the entire
industry as to the potential benefit of lean pro-
duction for its various sectors. Therefore, the
resulting Lean Index coefficients and scores re-
ported in this paper could be biased by specific
variable differences in the companies in the
study, and these coefficients and scores can only
be made more reliable and repeatable through
the addition of additional data to the model.
In addition, the Lean Index metric itself must
be validated in some way, either by independent
generation of corroborating Lean Indices from
additional data collection and/or simulation ef-
forts, proven correlation of the LI to some ac-
cepted bottom-line productivity measure across
an entire group of subject companies, or by case
studies that report successful improvement ef-
forts as prioritized by the LI assessment.
CONCLUSIONS
This study demonstrates that the statistical
methodology of factor analysis can be used to
develop a quantitative definition and assessment
of the concept of “leanness” for any wood prod-
ucts company. Accordingly, the Lean Index, as
developed, makes a unique contribution to the
field of lean production research and technology
transfer; in addition to the well-known tech-
niques of kaizen, just-in-time production, set-up
reduction, total productive maintenance, “5S”,
and mistake-proofing, companies in the wood
products industry now have at their disposal an
objective, unbiased way to evaluate their lean
implementation efforts and the performance of
their operational processes under both “current”
and “improved” conditions. The Lean Index
technique appears to be superior to traditional,
subjective, questionnaire-based assessments, in
that the subjectivity and bias of company par-
ticipants are removed from the analysis. Also,
the Lean Index gives the company a way to as-
sess the leanness of individual operations within
their company and to prioritize their lean im-
provement efforts and commitment of resources.
Based on the standards of lean production de-
veloped in this study, primary wood products
operations appear inherently leaner than second-
ary wood products operations. This hypothesis
will continue to be tested as future data sets are
obtained. If the trend continues to hold true, the
separation of primary and secondary wood op-
erations into two separate models is suggested.
However, one recent data set, representing
twelve months of operation in a secondary wood
company after making some “lean” improve-
ments, pushed the company into the range of
LI’s reached by the primary manufacturers. This
suggests that “lean is lean” regardless of what
type of operation is being studied.
Development of the Lean Index model also
moves us closer to a clear and logical definition
of lean production for the wood products indus-
try. Through the process of variable reduction
and factor extraction, the model quantitatively
defines leanness in terms of only two factors,
which can be characterized as “Production
Throughput” and “Production Support.” Recog-
nizing the conceptual difference in the two fac-
tors, lean improvement efforts may be catego-
rized accordingly; the traditional lean techniques
mentioned above may be used to change the
Production Throughput components of the op-
eration, prioritized by the Lean Index metric;
while Production Support components may be
targeted with perhaps more appropriate engi-
neering analyses. For example, the fact that en-
ergy usage has the largest coefficient in the Lean
Index model indicates that engineering improve-
ments that reduce energy consumption may be
the most significant contribution to lean produc-
tion efforts in the wood products industry.
In previous research of lean production tech-
niques, the operations studied typically were as-
sembly operations where the primary “energy”
provided was by the labor component of the op-
eration; thus, in prior studies, lean techniques
focused on reducing the consumption of labor,
not energy per se. It might be concluded that for
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any industry (such as wood products), where
physical energy-intensive conversion of a pri-
mary raw material is a significant consumer of
resources, a standard definition of “lean produc-
tion” must include a measure of the efficiency of
energy consumption and/or product conversion.
Finally, we must emphasize that the results of
this effort lead us to believe that “classical” lean
techniques and metrics, while certainly holding
the potential to improve any wood products op-
eration, may hold potential pitfalls and limita-
tions as well. Large inventories, large batch
sizes, and long lead times are “classical” non-
lean symptoms; since however, it is probably not
always practical or profitable to hold small in-
ventories of logs, lumber, or components, run
smaller cutting bills, dry significantly smaller
volumes of wood, or to increase wood drying
rates by orders of magnitude, the Lean Index
model described in this paper indicates that an
optimal lean implementation methodology for
wood industry operations should include, along
with the “classical” lean techniques, tactics
geared toward better utilization of all resources
consumed in the production of the products.
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